ABSTRACT: The development of oxides with high figure of merit, ZT, at modest temperatures (∼300−500°C) is desirable for ceramic-based thermoelectric generator technology. Although ZT is a compound metric with contributions from thermal conductivity (κ), Seebeck coefficient (S), and electrical conductivity (σ), it has been empirically demonstrated that the key to developing thermoelectric n-type oxides is to optimize σ of the ceramic to ∼1000 S/cm at the operating temperature. Titanate-based perovskites are a popular choice for the development of n-type oxide ceramics; however, the levels of σ required cannot be achieved without control of the ceramic quality, significant reduction of the ceramic in low P(O 2 ) atmosphere (e.g., N 2 /5%H 2 ), and the use of specific dopants and dopant mechanisms, which allow the egress of oxygen homogeneously from the lattice. Here, we discuss the processing protocols to fabricate reliable, reproducible ceramic oxides and schemes for inducing high levels of σ, thereby optimizing the power factor (PF = σS 2 ) and ZT. The problems associated with measuring κ, σ, and S to achieve reproducible and accurate values of ZT are discussed, as are future directions which should enable further optimization. Finally, we comment on how these protocols may be applied to other systems and structures.
INTRODUCTION
Worldwide, many gigawatt hours of energy are wasted annually in the form of heat. Harnessing this waste heat is an opportunity to mitigate climate change and increase energy efficiency. World policies and regulations are set to move energy production from current technologies to renewable resources to reduce carbon emissions and curb the manmade impact on climate change. During this transitional period, the efficiency of current energy sources may be improved by the implementation of thermoelectric devices which turn waste heat into a useable form. In the Quadrennial Technology Review (QTR) 2015 by the US Department of Energy, 1 a survey of thermoelectric technology and its current potential can be found in Chapter 6G. 2 In summary, if thermoelectric generators with 2.5% conversion efficiency were to be implemented into manufacturing processes such as petroleum refining, chemical production, iron and steel, glass, etc., a total of 1880−4700 GWh/y could be recovered from the waste heat in these processes. 1 The range is from estimations of recovering 10 and 25% of the waste heat. 2 If we continue the analysis, according to the U.S. Energy Information Administration, the smallest generating capacity nuclear reactor could produce 11 496 MWh of power if run at full capacity for 24 h. 3 On a year-long run at full capacity, this would equal 4196 GWh/y. Power plants are seldom run at full capacity, and the numbers from the QTR 2015 place thermoelectric waste heat recovery in the range necessary to compete with even a small nuclear reactor. This possibility makes thermoelectric generators an attractive technology to increase the efficiency of current energy production and use. Thermoelectric generators (TEGs) contain no moving parts, as such require minimal maintenance, have long lifetimes, and produce no emissions, 4 and therefore represent a viable option for the recovery of waste energy.
The materials used in TEGs are judged by their figure of merit, ZT, as shown in eq 1, where σ is the electrical conductivity, S the Seebeck coefficient (sometimes referred to as thermopower), and κ the total thermal conductivity.
As σ, S, and κ are interrelated, it has proven difficult in some cases to find materials which are optimized for each parameter. σ and κ, for example, are directly proportional to the carrier concentration, whereas S has an inverse proportional relationship. Carrier mobility and other factors also contribute to each of these parameters, but their interrelationship(s) create significant challenges for materials scientists and engineers to find optimized compounds with reproducible ZT > 1.
current impetus to find novel compositions for n-type oxide materials with high ZT. The data shown in Table 1 is a very small selection of the oxide materials interrogated for their thermoelectric properties. While there is still no accepted means to predict the thermoelectric properties of materials from their composition, there is now a critical mass of data which can be used for data mining, allowing for trends to be identified and exploited. Gaultois et al. 17 have successfully collated a wealth of data from the published literature, considering not only the material properties but also potential issues faced with supply and production of the scarcer elements using the Herfindahl− Hirschman Index which is used widely for commodities. They conclude by suggesting promising families of materials, including the early transition metal oxides, which show trends with high electrical conductivity. These materials may then be modified by using one of the methods to control thermal conductivity, potentially creating compositions with unprecedented ZT values. 17 One of the prominent n-type end member materials, as shown in Table 1 , is strontium titanate, SrTiO 3 , which is one of the many perovskite materials with an ABO 3 form. As an undoped material, SrTiO 3 has negligible thermoelectric properties, but these can be greatly improved by the addition or substitution of dopants and by processing under reducing conditions. 13−16 Most studies on rare-earth doping of reduced SrTiO 3−δ have used the direct substitution (or so-called donor (or electronic)-doping, i.e., Sr Sr x → La Sr • + e′) method which has resulted in modest improvements of ZT, 13−15 suggesting that this approach, though highly successful for other types of functionality, might not be the most efficient at producing optimized n-type thermoelectric oxides. An equivalent, but todate more successful, route is to utilize dopants which create Asite vacancies in reduced SrTiO 3−δ . One such study used La doping in reduced SrTiO 3 ceramics to create A-site vacancies by the partial substitution of La 3+ ions for the Sr 2+ ions in the ratio of 2:3 based on the general formula Sr 1−3x RE 2x TiO 3−δ . 16 In these reduced materials, the A-site RE substitution, compensated by A-site vacancies, was also shown to increase solid solubility with respect to donor doping. Above 20 atom % doping, however, the compositions were found to be less stable in air and prone to reoxidation at modest temperatures, as shown by thermogravimetric analysis. 16 Despite these potential issues, A-site deficient La 0.15 Sr 0.775 TiO 3−δ to date has shown the highest ZT (of 0.41 at 973 K) for a reduced n-type titanatebased perovskite ceramic. 16 While the above schemes for the increase of carrier concentration are effective in giving an overall improvement in power factor (PF = S 2 σ), they also act to increase the thermal conductivity, κ, which has the effect of reducing the value of ZT. Schemes to minimize κ are based on the interruption of phonons, usually using some physical boundary, for example, through the inclusion of a large number of grain boundaries (i.e., nanoscaling of the microstructure). A grain boundary represents a potential scattering site to a phonon traveling through the lattice, meaning the mean free path and relaxation time between scattering events is reduced compared to that in the bulk crystal, reducing κ within the material. 18 Before any conclusions may be drawn on data reported about the properties of thermoelectric oxides, it is important to understand their synthesis. First, sample type must be carefully considered, i.e., does the data relate to single crystals, thin films, or bulk ceramics? Single crystals can give intrinsic properties, including that associated with any anisotropic response relating to specific crystallographic directions. Thin films are notoriously difficult to measure accurately, particularly κ, where the substrate plays a role, and for S which requires a significant temperature gradient for accurate measurements. Bulk ceramics are most commonly measured, but our own in-house experiments demonstrate unambiguously that calcination and sintering temperature, drying starting reagents, and ceramic preparation can lead to dramatically different properties within a single composition. Herein, we offer a set of experimental guidelines to assist in the preparation and study of n-type oxide thermoelectrics. We first address issues common to all oxide materials, namely, those associated with ceramic processing, and give examples of best practice for creating reliable and reproducible compositions. We examine the main challenges encountered in the chemical and structural characterization of thermoelectric oxides. Finally, we examine the means by which the three thermoelectric variables, S, κ, and σ, can be controlled, and outline procedures and pitfalls of measuring each, before the final calculation of ZT.
CERAMIC PROCESSING
The starting point for the synthesis of materials is always the choice of precursor. Traditional solid-state methods rely on suitable oxide and carbonate precursors, the majority of which are readily available and easy to obtain. "Straight-from-thebottle" materials are, however, rarely in a form suitable for immediate use in solid-state processing, and care must be taken in preparing the starting reagents before synthesis. Since solidstate processing relies on precise stoichiometry and good homogeneity to ensure an even distribution of the different ions, it is prudent to measure the particle size and determine the composition of the raw materials; however, these simple steps are often overlooked in the early stages of processing, leading to irreproducible or unreliable results.
2.1. Drying of Chemicals. An inescapable aspect of materials chemistry is the presence of water and carbon dioxide which adsorb on the surfaces of any starting reagent and can lead to an appreciable increase in mass of the materials used. These additional molecules may seem insignificant as they will be lost in the later high temperature processing stages but must be removed before weighing or batching as this affects the stoichiometry of the reaction mixture. This becomes an important issue when aiming for well-defined product stoichiometry as any (nonintentional) nonstoichiometry will influence the final composition and can adversely influence properties such as the figure of merit, ZT. Straight-from-thebottle La 2 O 3 illustrates this point succinctly, and thermogravimetric analysis (TGA) shows a mass loss of 15% to 750°C, Figure 1 . The data were taken using a PerkinElmer Pyris 1 TGA with an alumina crucible and heated at 1°C/min to 950°C. The first mass loss between 290 and 360°C is attributed to the loss of surface water, accounting for around 9% of the total mass. Between 460 and 520°C a further 2% is lost as carbon dioxide desorbs from the surface. The final mass loss occurs over the range ∼650 to 750°C, at which temperature, 4% of the mass evolves which is attributed to the conversion of lanthanum hydroxide to lanthanum oxide. If La 2 O 3 is left undried prior to the synthesis of La 0.1 Sr 0.9 TiO 3 , the 15% discrepancy results in an actual stoichiometry of La 0.085 Sr 0.9 TiO 2.987 or potentially a mixture of phases.
This data also illustrates it is inadequate to dry materials at just above the boiling point of water, as bound water is often not completely lost until much higher temperatures, along with adsorbed CO 2 . The precise temperature to fully dry materials should therefore be determined on a material-by-material basis using a combination of TGA and XRD, and hot dried precursors should be stored in a desiccator until cooled to room temperature and batched immediately to avoid significant readsorption of H 2 O or CO 2 . Furthermore, such data can be useful in identifying volatile elements, allowing predictions about the proportion of a reagent that may be lost during calcination. Some oxides are well-known to have variable or mixed oxidation states, but this does not necessarily create a problem, providing the dried starting powder is of known composition and the phase has been checked by XRD ). The valence state(s) of the Mn ions in the final sintered ceramic readily adjust to the T/P O 2 conditions used during ceramic processing.
When using nonoxide or carbonate materials (nitrates, acetates, hydroxides, etc.), full knowledge of the composition becomes especially important, particularly as their generally low melting/decomposition temperatures make them unsuitable for high-temperature drying. Many of these classes of materials are also hygroscopic and/or have high numbers of waters of crystallization, for example, strontium hydroxide octahydrate. This number can vary considerably depending on the age of the chemical, storage conditions, and even the time of year. As such it is important to determine the exact water content of each material using TGA, so as to accurately account for variations in mass when batching.
M. Li et al. 19 have demonstrated the importance of drying through the synthesis of the titanate-based perovskite Na 0.5 Bi 0.5 TiO 3 , NBT. Although NBT is not a thermoelectric material, the electrical properties are highly dependent on very small variations in the Na/Bi ratio, illustrating the need for drying. In particular, if the Na/Bi starting stoichiometry ratio is ≥1, then it is an excellent oxide-ion conductor, whereas if Na/ Bi < 1 then it is a dielectric (electronic insulator). The precursor Na 2 CO 3 is hygroscopic, and if not dried prior to batching it has the formula Na 2 CO 3 ·nH 2 O where n is typically ∼0.05 to 0.1 with the precise value of n dependent on the source powder but which may be readily established by TGA. A batch of stoichiometric Na 1/2 Bi 1/2 TiO 3 prepared from dried Na 2 CO 3 with Na/Bi = 1 has high oxide-ion conductivity, whereas an attempted stoichiometric batch prepared from the reagent straight from the bottle (Na 2 CO 3 ·0.06H 2 O) corresponds to a composition of Na 0.495 Bi 0.50 TiO 2.9975 and therefore Na/Bi < 1, which is an excellent dielectric with very low bulk conductivity with a high activation energy, E a , for conduction, Figure 2 . NBT highlights the dramatic impact that a very small level of unintended nonstoichiometry, e.g. −0.005 mol % Na associated with a "wet" reagent powder, can have on the electrical properties of a titanate-based perovskite. While NBT is a special case, with a highly complex domain and microstructure, it highlights the sensitivity of electrical properties to composition. In materials where control of the electrical and thermal transport properties is paramount, such as thermoelectrics, this aspect of processing must not be ignored.
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To illustrate the effect of drying on a thermoelectric oxide, samples of SrTiO 3 were synthesized using precursors straight from the bottle without any predrying (following all of the other solid-state procedures as usual). The X-ray diffraction (XRD) data of the undried is superficially identical to correctly prepared SrTiO 3 ; however, calculation of the lattice parameters reveals the size of the unit cell is slightly smaller compared to that normally quoted: 3.901 ± 0.002 Å as opposed to the expected 3.905 Å, 20 suggesting nonstoichiometry. 2.2. Particle Size. Solid-state processing is entirely reliant on diffusion of ions to form a homogeneous final product. While some ions are highly mobile and can rapidly reach homogeneity during calcination, many multielement materials are prone to forming core−shell structures, dictated by limited cation diffusion rates, such as in doped BaTiO 3 . 21 To minimize synthesis time, it is desirable to have a small particle size before calcination. Mechanical milling of materials is one of the most reliable methods for controlling precursor particle size. Standard ball milling using yttria-stabilized zirconia (YSZ) media (Figure 3a) is commonly used to reduce the size of starting powders. If milling is performed after batching it is an easy way to thoroughly mix and evenly distribute precursor materials. Attrition milling using smaller YSZ media ( Figure  3b ) offers a rapid and more high-energy method for mixing and reduction in particle size; however, there is the possibility of introducing impurity elements from the milling media into the reaction, either from the media itself or from improper cleaning prior to reuse, as can be seen in Figure 3b . Baürer et al. 22 showed, for example, that ball milling of strontium titanate using YSZ media could introduce 0.064 wt % contamination (mainly as Zr 4+ ), 22 well above detection limits of, e.g., inductively coupled plasma-optical emission spectroscopy.
Another traditional method for the grinding and homogenization of precursors is to use a mortar and pestle and grind the materials by hand. This is not recommended for reproducible materials for a number of reasons. First, the process is likely to produce crystallites with inconsistent sizes, which is detrimental to the solid-state reaction process. The degree of mixing will be lower in mortar and pestle-prepared samples, again to the detriment of the solid state process. The mortar and pestle can also introduce a significant level of contamination, especially if the powders being ground are harder than the mortar and pestle material. In the case of agate- based mortar and pestles, contamination can take the form of silica which is a well-known sintering aid. 23 This can have multiple complex effects on the system, including the formation of intermediate phases or the introduction of a liquid phase. 23 While this might be superficially advantageous, this can lead to inaccurate or unreproducible compositions. Finally, mortar and pestle grinding is generally limited to small batch sizes. This is one of the key advantages of ball milling: samples on 100 g scale in the laboratory (100 kg scale commercially) can be reliably produced with only a fraction of the effort and handson time of a sample prepared using a mortar and pestle.
To illustrate the need to mill materials, samples of SrTiO 3 were synthesized with and without milling of the precursor materials. The ball-milled sample (hereafter called SrTiO 3 -milled) was milled using YSZ media (Figure 3a ) in isopropanol for 16 h prior to calcination, and a second sample was synthesized from dried but unmilled precursors (hereafter called SrTiO 3 -unmilled), with the two precursors being stirred by hand before calcination. SrTiO 3 -unmilled is composed of some SrTiO 3 and significant quantities of SrO, strontium-rich tetragonal Sr 2 TiO 4 , and some minor unidentified phases. Calculation of the lattice parameters showed the SrTiO 3 formed did not have the expected unit cell dimensions, with an a parameter of 3.867 ± 0.016 Å (as opposed to the expected 3.905 Å). 20 In contrast, a for the SrTiO 3 -milled sample was 3.903 ± 0.002 Å, in accordance with the expected value. 20 Post calcination milling substantially changes the composition of the SrTiO 3 -unmilled sample. The majority of the SrO phase is converted to Sr(OH) 2 by the isopropanol, observed as a reduction in the relative peak height of the SrO phase and the appearance of additional peaks. Post calcination ball milling also reveals the presence of large quantities of unreacted TiO 2 which were previously masked inside a coating of SrTiO 3 . Upon ball milling, the large heterogeneous agglomerates are broken apart to reveal the unreacted starting materials inside as shown in Figure 4b . This indicates the likely formation mechanism of Figure 4 . X-ray diffractograms of (a) as-prepared SrTiO 3 synthesized without milling, "SrTiO 3 -unmilled", (b) the same sample having been mechanically milled after calcination, and (c) SrTiO 3 prepared with milling of the starting materials before calcination, "SrTiO 3 -milled". SrTiO 3 , with the more-mobile strontium ions diffusing into the titanium phase during calcination. This mechanism is supported by the presence of the strontium-rich Sr 2 TiO 4 phase which forms as an intermediate and highlights the importance of milling steps before and after calcination. Prior to calcining, the materials must be given the highest possible surface area to maximize the number of reaction sites. Equally, post calcination milling before XRD is key to identifying possible unreacted materials which would otherwise be missed. Scanning electron microscopy (SEM) reveals the differences in morphology of the final product. SEM micrographs of asprepared SrTiO 3 -unmilled and SrTiO 3 -milled are shown in Figure 5 . The morphology of the SrTiO 3 -milled sample particles ( Figure 5a ) have a regular, smooth appearance, whereas the SrTiO 3 -unmilled sample shows variation across the crystallites. Some regions of regular, smooth crystallites were observed and attributed to the reacted SrTiO 3 phase ( Figure  5c ). In addition to these morphologies, other, more irregular regions were observed (Figure 5b ), likely to be the unreacted/ partially reacted materials. Proper prepreparation is therefore key to achieving homogeneity in both phase and morphology.
2.3. Cross-Contamination. The furnace used to calcine and sinter ceramics represents an opportunity for the introduction of contaminants. Many elements are volatile at the high temperatures used during processing, and as such can easily be lost from reaction mixtures leading to a nonstoichiometric product. Some volatiles are lost through the chimney or gas outlet, but the majority are absorbed by the furnace lining. These materials can be redeposited onto subsequent samples leading to surface layer contamination, as shown in Figure 6 . Careful control of furnaces and their elements is therefore important, especially for perovskite materials whose wide compositional tolerances permit a range of A-and B-site substitutions which have little effect on crystal structure but which have a greater (and often detrimental) effect on electrical properties. 24 It may be prudent, therefore, to regulate or limit the elements which can be used in each furnace, thus reducing the likelihood of accidental crosscontamination. Another means to reduce cross contamination (and in some cases volatilization) is to use a crucible with a lid. This not only helps to prevent cross-contamination, but by marginally increasing the vapor pressure of the volatile elements within the crucible, can actively prevent elemental loss.
2.4. Pellet Preparation. In many cases to generate reproducible data, reliable sintered ceramics must be produced. There are many methods to consolidate powders; we will cover uniaxial pressing and cold isostatic pressing here as two examples of simple and routinely performed lab-based consolidation techniques. Uniaxial pressing consists of loading finely grained calcined powder (which may need to be milled after calcination to achieve this) into a die (often cylindrical or oblong) and applying pressure along one axis using a hydraulic press. Attainable applied masses vary by manufacturer and model, but up to 25 tons is easily achievable. This can then be converted into a pressure depending on the size of die used. Hold time at pressure and applied load must be tailored to each material, but generally the green densities produced are ∼50− 60%. Cold isostatic pressing uses hydraulic fluid to exert a pressure in every direction on the green body, which must be produced in a uniaxial press first. To prevent mixing of the fluid with the powder, samples are generally placed inside a flexible receptacle, for example, a nitrile laboratory glove. Air needs to be removed using a vacuum pump, as, at the pressures produced, it would cause the glove to fail. Again achievable pressures vary by make and model, but ∼30 kPa is routinely available. In both of these techniques, the applied pressure must be tested for each material; too low and the green body will be mechanically too weak to remove as a single piece from the die or receptacle, and too high results in pressing faults such as capping in the body. 25 In the case of rare earth doped SrTiO 3 compositions discussed within this article, green bodies were prepared by using 1 ton uniaxial hydraulic pressing for 1 min followed by cold isostatic pressing at 200 MPa for 1 min. Other consolidation techniques, covered elsewhere, include hot isostatic pressing 26 and the emergent cold sintering processes. 27 Once pressed, test samples are heated to a temperature that is usually 100−200°C higher than the calcination temperature to promote densification. Volatilization of elements can present a particular issue here with the higher temperatures used, and the choice of crucible may also become a consideration. Some materials will react with, leach into, or fuse with alumina, particularly at higher temperatures. This can be prevented through the use of different crucible materials such as platinum; however, cost is often prohibitive. One lower cost solution is to use a piece of platinum foil as a cover for the base of the crucible, which will prevent any reaction or sticking, but has the advantage of being cleanable and reusable, and if the sample is accidentally melted, is less of a loss. Another way to achieve this is to create a small pile of calcined powder and seat the green ceramic on this; however, this may still lead to reaction with the alumina, making the crucibles single-use. Pellets produced using this method also require considerable polishing to remove adhered powder, and this makes the uniformity of the ceramic more difficult achieve.
In spite of the possibility of nonuniformity, it is often advantageous to remove the surface layers of sintered ceramics, as this offers the opportunity to reduce the likelihood of chemical contamination from the sintering process and can be achieved simply by using grinding paper, such as silicon carbide or diamond. This can be performed by hand or using a mechanical polisher. Care must be taken, however, as the process can easily introduce inconsistencies in thickness, especially when grinding by hand. Upon completion of this process, the density of the sintered body must be determined. There are two common ways to do this, either by taking the dimensions (volume = area × thickness) and mass or by using an Archimedes density balance which uses the buoyancy and mass. There are pros and cons for both methods: the direct measurement method relies on a sintered body with uniform geometry for accurate dimensions. In the case of disks where the radius is squared to obtain the area, any errors here are rapidly propagated into the final volume value, and the Archimedes method is unable to cope with highly porous samples.
Once the density has been calculated, it is helpful to put the value found into context by calculating the theoretical maximum density. This is trivial for well-known materials as values can be found in the literature. For novel compositions, however, this density maximum must be found by other means. This can be achieved by finding the unit cell volume from XRD using eq 2, which links the density (ρ max ) with the molar mass (A), unit cell volume (V c ), number of formula units per unit cell (N c ), and Avogadro's number (N A ).
A high density is vital for accurate and reproducible data, especially when screening large numbers of novel single-phase materials (composites are beyond the scope of the discussion here). Ceramics to be used for characterization should be single phase and preferably have a density >95% of the theoretical maximum, keeping porosity to a minimum. Sintering aids can be added 23 during the formation of the green body and prior to sintering but must be considered on a material-by-material basis, and care must be taken to understand fully their action and any possible impact they may have on the system (for example, the formation of secondary phases). This consistency is important for the interpretation of data and also for mechanical stability, which is required for techniques such as the measurement of σ and S, which often use spring contacts which apply forces across the ceramics. Assuming a ceramic is of sufficiently high density, as discussed above, it can then be prepared for testing. Figure 7 shows the pellets prepared for measurements on a Netzsch SBA 458 Nemesis (left bar) and an Anter Flashline 3000 (right square). The 10 × 10 mm square has been cut from the disk, leaving edge pieces which can be made available for microstructure analysis. The bar and square are polished into the proper dimensions for each instrument. One must know the requirements for the available instrumentation. It is possible to sinter a large enough pellet and cut the required shapes necessary for measurement; however, the instrumentation and processing facilities may limit this option requiring separate pellets to be prepared for each system.
Once synthesized and processed, the next step is to characterize fully the structure and chemical composition of samples at both a macroscopic and a local level. This is important not only to ensure the material is free of secondary phases but also to gain knowledge of the local chemistry and structure. This is key to interpretation of the electrical and thermal properties.
INTERPRETATION OF STRUCTURE
The main issue with interpreting structure of thermoelectric oxides is the absence of high quality structural data from standard instrumentation. In-house XRD, for example, gives only cursory information about the structure and is used primarily to give an indication of solid solubility of dopants and the presence of secondary phases above a few vol %. A sequence of XRD traces of a Sr 1−3x/2 La x TiO 3−δ solid solution sintered in N 2 /5% H 2 is shown in Figure 8 . For a full interpretation of the data the reader is referred to Lu et al. 16 The appearance of specific peaks (denoted by *) as a function of composition implies the onset of cell doubling phase transitions relating to octahedral rotations. Additionally, the absence of a secondary phase suggests there is a full solid solution between La 2/3 TiO 3 and SrTiO 3 when sintered in N 2 / 5% H 2 . This XRD data, however, gives only limited information concerning critical structural aspects of the solid solution. Crystal chemistry criteria based on the perovskite tolerance factor and the symmetry of the end members suggest that at some value of x the untilted SrTiO 3 distorts by rotations of Ooctahedra in antiphase, followed by an in-phase O octahedral tilt transition. 28 The sensitivity of XRD to distortions of O Figure 7 . From left to right, a sintered bar prepared for σ and S measurement on the Netzsch SBA458 Nemesis system and a 20 mm disk (∼16 mm after sintering) which is then cut into a 10 × 10 mm square for analysis on the Anter Flashline 3000. The square is coated with a silver electrode paste (visualized on the bottom half), and the top has the graphite coating which is required for κ measurements. octahedra is notoriously poor. 28 Neutrons are more sensitive to O, but obtaining such diffraction data requires the use of national facilities. Instead, we encourage the use of electron diffraction and transmission electron microscopy to study the onset of O octahedral tilt transitions and to study local structure arising from clusters of A-site vacancies (V A ). ⟨110⟩ zone axis electron diffraction patterns from x = 0.3 and 0.5 are shown in Figure 9 , illustrating that the former composition is tilted in antiphase (a reflections) while the latter is tilted in phase and in antiphase with a contribution to some of the superstructure reflections from ordered V A (M reflections). For an understanding of the planar defects relating to phase transitions and ordering, two beam dark field imaging is a powerful tool, especially if coupled with aberration corrected TEM. The planar defects for air-sintered Sr 1−3x/2 La x TiO 3 with x = 0.5 obtained with an antiphase tilt refection are shown in Figure 10a . Weak ferroelastic domains are observed interlaced with antiphase boundaries. For identification of V A clusters, the Rutherford scattering associated with aberration corrected TEM gives Z contrast high resolution images in annular bright and dark field mode. V A clusters can be readily identified, as illustrated in Figure 10b .
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CONTROL AND MEASUREMENT OF THE
THERMOELECTRIC PROPERTIES; κ, S, AND σ The three variables which make up the thermoelectric figure of merit, ZT, have a complex relationship and so cannot be considered as separate entities when devising schemes to maximize ZT. The electrical conductivity (σ) and Seebeck (S) coefficient have the most explicit interdependence, which can be clearly seen from their respective equations. In simple terms, σ is dependent on the number of charge carriers (n), the carrier mobility (μ), and the carrier charge (e), as described by eq 3.
Here, it is obvious that an increase in the carrier concentration will increase σ. This is detrimental to the magnitude of the S, however, which is proportional to n −2/3 , as shown in eq 4, which is valid for metals and degenerate semiconductors 29 where k B is the Boltzmann constant, e is the elementary charge, h is the Planck constant, m* is the effective mass of the carrier, and T is the temperature. 
This complex interplay means there is no one ideal solution to improve ZT. The thermal conductivity, κ, is defined in eq 5 as the addition of phononic (κ L ) and electronic (κ E ) contributions.
The Wiedemann−Franz law describes how the carrier concentration affects the electronic contributions; κ E = neμLT where L is the Lorenz number. In simpler terms, however, the more carriers there are, the more carriers are available to transmit heat within the lattice and therefore to increase κ total . This shows now that all three variables for the determination of ZT are dependent on the carrier concentration. If the thermal conductivity is to be reduced, the lattice contributions, κ L , become an important variable to control, without being detrimental to S or σ.
In this section each of the three variables is considered in turn with emphasis on some schemes for their relative optimization and to examine some common methods for their measurement. The information is presented to complement previous comprehensive reports covering thermoelectric property measurement techniques which include suggested protocols based on worldwide round-robin experiments 30, 31 and a more recent review of the errors associated with each measurement technique. 32 
Control and Measurement of Thermal Conductivity.
Of all the controllable properties of thermoelectric materials, one of the most challenging is κ, which must be minimized for high ZT. κ is often closely linked to σ, with both properties being controlled/dominated by the motion of electrons within the lattice. Correspondingly, schemes to improve σ often result in an observed increase in κ, which is then detrimental to ZT. As such, other, nonelectronic means of controlling κ are employed. Of these, ionic radius (and mass) of chemical dopants 33 and ceramic microstructure 34, 35 are the two best-documented methods. In both cases, the aim is to disrupt the progress of phonons through the lattice, either through scattering from ions or vacancies within the lattice which cause local deviations from the regular crystal structure, or through the incorporation of a large number of grain boundaries (i.e., nanostructuring or specific control of crystallite morphology). The grain boundaries act as scattering sites for the phonons, increasing the likelihood of a scattering event and reducing the transfer of heat through the bulk. 18 The chemical means to control κ are covered in detail elsewhere, 36 so in this section we examine the micro-and nano-structuring approach as a means of reducing κ.
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Control of the microstructure of the final ceramic is a wellknown method of influencing κ. 34, 35, 37 This relies on the creation of crystallite morphologies in the calcined powders which are retained throughout the sintering process, creating, for example, microstructures which have large numbers of grain boundaries. There are numerous pathways to control these crystallite morphologies in oxide materials. Hydrothermal techniques are perhaps the best known, relying on high pressures to drive the formation of oxides from solution over a period of hours to days. 38, 39 There have been several attempts to create hydrothermal powders of thermoelectric materials; the majority of these have been p-type materials. 38−40 However, ntype RE-doped SrTiO 3 has been synthesized as nanoscale cubes using hydrothermal methods and showed an increase in Seebeck coefficient (due to electron filtering effects and constraining of the band structure) 41 over the equivalent bulk solid state powders, while simultaneously producing a reduction in κ. 32 Other morphologies are possible such as nanosheets, 42 flowers, 43 and nanospheres synthesized, 44 as shown in Figure  11 . Effective though these methods are for the control of powder crystal morphology, there have been few attempts to incorporate them into testable thermoelectric ceramics.
A comprehensive report on the control of microstructure to influence thermal properties was performed by Buscaglia et al. 35 in which the microstructure of the sintered ceramic was controlled by using starting materials of a specified size. By limiting the size of the crystals in the starting materials, they demonstrated κ could be reduced by an order of magnitude over the single crystal equivalent in La-SrTiO 3 . 35 They also concluded, however, that nanostructuring adversely affected σ (due to the low sintering temperatures used to preserve the nanostructures). This may be remedied, however, with rapid or low temperature sintering techniques such as spark plasma sintering. 45, 46 Laser Flash systems are the most common way to determine κ of a bulk ceramic sample. In most cases, Laser Flash systems work by applying a burst of energy to one side of a sintered ceramic sample, with the heat energy transmitted through the sample detected in the infrared. Samples should be prepared to the ASTM E1461-13/E2585 standard 47 for κ measurements. As stated in the standard, sample surface is important, and it is normal for pellets to require first a layer of silver or gold to increase the opacity of the sample, e.g., by painting on electrode paste, or sputtering, followed by a layer of graphite to reduce the reflectivity of the surface. This layer is generally applied from a spray can, and a spray station can be set up using an empty box to contain extraneous spray. The graphite coating should be evenly applied across the surface, with enough applied to form a full covering but without excess thickness. For κ to be calculated, the three variables in eq 6 must be obtained: thermal diffusivity (α) is calculated directly from the data generated by the laser flash system, density (ρ), and specific heat C p .
Density can be determined by using the geometric dimensions and mass, Archimedes method, or dilatometry. Each technique offers an uncertainty that is carried through the calculation of κ. Borup et al. 32 has discussed in detail the first two density methods. They indicate that the variation in thickness should be less than 0.005 mm to reduce geometric errors and the Archimedes principle can overestimate the density when samples are porous and absorb the liquid. They have offered advice to check the absorption by measuring the sample in air again to determine if any liquid is present, which allows the experimentalist to determine whether this is a viable method for density determination of samples. While the density is often assumed to be temperature independent, 32 dilatometry can be used to determine whether the dimensions of a material change at temperature. Although this is an isotropic measurement, anisotropic thermal expansion can have further detrimental effects on the properties if they are not measured along the same direction. 32 The specific heat, C p , of a material can be determined in some commercial laser flash systems when measured alongside a reference material according to eq 7. This method of determining C p can be inaccurate leading to an underestimation of κ. 32 Methods for measuring C p of a material include drop calorimetry, differential scanning calorimetry (DSC), or heat flow methods such as using a Quantum Design physical property measurement system (PPMS). DSC is now a common method used in academic laboratories, and a round-robin study by Wang et al. 31 has shown that up to 15% discrepancy in C p data can occur between laboratories, decreasing to approximately 5% when standard methods such as the ASTM standard E1296 are explicitly followed. 31 Borup et al. 32 have also discussed the errors and uncertainties associated with the determination of C p , and all parties agree that measured values should always be compared to that calculated from the DulongPetit law. 32 in two reports Leitner et al. 48 have also described in detail the Neumann-Kopp estimation of C p values for materials with no reported literature values. 49 As these are calculated by combining the values from known binary oxides, care must be taken as these are estimations and can deviate from realistic values due to nonstoichiometry (for example, oxygen deficiency) 48 in the final compound. 48 The reader is directed to the references used in this section for more in-depth coverage of the complexities of estimating and measuring C p , and we concur that discussion of this data is often lacking in reports for thermoelectric materials. To understand the uncertainty and accuracy of reported thermal conductivities, C p data must be thoroughly discussed.
An example of data collected using the laser flash method is shown in Figure 12 . The data were taken on an Anter Flashline TM 3000, which utilizes a high-speed xenon discharge flash, and has a variety of different reference sources, some of which are made in-house. In this case a thermographite reference standard was used for the instrument to estimate the C p values to determine κ. The initial pulse is shown at t = 0.016 s, with the transmitted energy increasing to a maximum at t = 0.88 s before decaying. The most important point to note when preparing samples for the laser flash system is that they must be thin enough for the value of t 1/2 (the time taken for the sample to initially reach half of the eventual plateau value) to be ≤0.3 s. This is important to minimize other heat losses through conduction through the sample holder or convection with the surrounding air. This depends heavily on the sample and may be moderated using thickness. Samples with low values of κ must be carefully thinned to meet this requirement, while retaining uniformity in thickness.
There are several methods for the extraction of α from the flash line plot. The simplest of these is the Parker method 50 and will give a good approximation for α using the relationship given in eq 8, where L is the thickness of the sample.
This is limited, however, as it takes no account of heat losses and assumes an instantaneous pulse. There have been numerous modifications to this interpretation, including the Cowan method 51 which uses the cooling section of the pulse, the Heckman method 52 which considers the impact of a noninstantaneous pulse, and the Clark and Taylor method, 53 which is widely used. Rather than being a single equation, the Clark and Taylor method compares different ratios on the heatloss curves for the material with the adiabatic case, and assumes that the deviations between the two relate to heat losses (i.e., the nonadiabaticity of the system). This is generally done internally by the thermal conductivity instrument and gives a good error correction for the conductive and convective heating losses during the experiment, thus giving a more accurate value for α.
Once relevant values have been extracted from the raw data, κ is calculated as shown in Figure 13 , which illustrates typical values (with error bars typically between ∼10 to 18%) for reduced, A-site rare earth-doped strontium titanate, as compared to a reduced but undoped sample of SrTiO 3−δ . The data illustrate the impact that A-site RE doping has on κ, especially at lower temperatures.
The thermal conductivity data reported above is obtained directly from the laser flash system while using a standard reference for the estimation of C p for the sample, as discussed earlier. Overall, it has been reported that using this method can underestimate κ. 32 As C p data were not measured, the estimated values can be compared to the Dulong-Petit law, which Figure 13 . Thermal conductivity data for reduced, undoped SrTiO 3 and two reduced, A-site RE-doped samples that show a reduction in κ at low temperatures. Error bars are not shown here as the data points were generated directly from the laser flash system. indicates that C p should be 3R per mole of atoms, where R is the gas constant. 32 The Dulong-Petit limit can be used directly in the calculation of κ, but it can also be used as a check of measured specific heat data. In their round-robin study, Wang et al. 30, 31 showed that measurement of C p , specifically by the DSC method, is the most operator dependent measurement, leading to a 15% scatter in the results of C p for one material from different laboratories. 31 They were able to dismiss half of the data after determining that it failed the Dulong-Petit test. It is also noteworthy that the actual composition is necessary when determining the Dulong-Petit value. 31 When considering the thermal diffusivity measured from laser flash systems, Wang et al. 31 indicated that scatter up to 17% at 475 K occurred in the data between laboratories, making this measurement as uncertain as direct measurements of C p . The measurement of κ can be considered the most significant source of error for the determination of ZT in thermoelectric materials, especially when considering using laser flash systems as it requires the knowledge of the density and specific heat of materials which include their own inherent errors. Other methods for direct measurement and determination of κ exist and are covered by Borup et al. 32 and references therein. 4.2. Control and Measurement of Electrical Conductivity. Typical d 0 titanate-based perovskite oxides such as (Ba,Sr,Ca)TiO 3 are white in appearance and electrically insulating when fired in ambient conditions and require processing under reducing conditions to become blue/black in appearance and electrically semiconducting/metallic. Although a controlled P(O 2 ) furnace is desirable, it is not essential, and sealed tube furnaces with flowing N 2 /5%H 2 are sufficient to reduce such titanates. Reduction occurs through formation of oxygen vacancies (V O ) according to eq 9.
The electrons generated combine with Ti 1 thermoelectric oxides (eg, titanates, niobates, manganates) indicate a simple setup of flowing 5−10% H 2 gas mixtures over a material being fired in a tube furnace. 16, 54, 55 To maximize the egress of O from reduced SrTiO 3 -based materials, it is preferable to have A-site vacancies; i.e., compositions based on the ionic compensation join Sr 1−3x/2 RE x TiO 3 . The perovskite structure may be viewed as an ABC stacking of AO 3 layers with 1/4 of the octahedra occupied by Ti 4+ ions. The O and A ions therefore reside in a pseudo-close packed arrangement in basal planes normal to the stacking direction ([111] p where p is pseudocubic). 56 The presence of A-site vacancies (V A ) therefore encourages diffusion of O and permits a far greater volume of ceramic to be reduced when compared to equivalent RE-doped samples prepared based on electronic compensation, Sr 1−x RE x TiO 3 . This greater loss of oxygen results in higher σ for reduced, Asite deficient Sr 1−3x/2 RE x TiO 3−δ , and the presence of both V A and V O also in principle decreases κ by enhancing phonon scattering. This results in higher ZT values for Sr 1−3x/2 RE x TiO 3−δ compared to Sr 1−x RETiO 3−δ ceramics. Figure 14 shows σ for two ceramics of the same starting composition, one calcined in air and the other in 5% H 2 prior to both being sintered in 5% H 2 . The latter ceramic shows metallic behavior and clearly has substantially higher σ at lower temperatures. This may reflect a lower oxygen content in this ceramic; 57 however, the lower σ and semiconducting to metallic switch in the former ceramic may reflect the presence of a resistive grain boundary effect associated with incomplete/ inhomogeneous removal of oxygen from the reduction process during sintering. Thus, the high temperature σ data may be dominated by the grain conductivity, but at lower temperatures resistive grain boundaries suppress the overall conductivity. This could explain the apparent "metal to semiconductor" transition.
Oxygen partial pressure can be further controlled through the use of water vapor, and as such it is pertinent to mention Ellingham diagrams, which can be found easily in the literature, and give the relative ease of reduction for different metals. These diagrams show the Gibbs free energy (ΔG) vs temperature, which is generally negative due to the decrease in entropy when a gas and a solid react to form another solid.
Four-point probe measurements are the standard method for determining σ. This method is preferable over simpler methods as it eliminates most additional resistances from, for example, nonohmic electrode contacts associated with a mismatch of work function between the probes and the sample. A survey of additional methods and the uncertainty associated with each can be found in the report by Borup et al. 32 The setup of a four-probe system is simple: the outer two probes apply a current which creates a voltage across the sample, measured by the two inner probes. These can be used to find the resistance at each point using Ohm's law and then converted into a resistivity, ρ, using the dimensions of the sample; σ is the reciprocal of this value. This requires that a sample be in specific geometries and have uniform physical properties, e.g., density and thickness. Many commercial instruments have set sample size or probe geometry or require input of the sample dimensions and will do the conversion from resistance to resistivity internally. Hall probe measurements are also beneficial to obtain the carrier concentration directly. With simultaneous ρ measurements, they allow the charge carrier mobility to be determined. Currently, they are not routinely performed in the study of thermoelectrics due to the need for a magnetic field, which is generally less readily available in many academic laboratories. As the range of thermoelectric materials becomes more complex, this technique will become invaluable to the thermoelectrics community, but currently, further discussion here is beyond the scope of this paper. An example of four-point probe σ data is displayed in Figure  15 . The data were collected using a Netzsch SBA 458 Nemesis instrument and show a typical trend for two reduced, A-site REdoped SrTiO 3 samples and a reduced (undoped) SrTiO 3 for comparison. The samples show a decrease in σ with increasing temperature and starkly illustrate the control of σ that can be achieved through A-site RE-doping: σ at low temperatures is more than an order of magnitude larger than the reduced undoped form, indicating a large increase in the carrier concentration in the sample.
If a commercial instrument is used, the accuracy and reliability of the measurements will be indicated by the manufacturer. In this case, the accuracy is ±5% for electrical conductivity measurements. Each system runs the risk of electrode and thermocouple degradation through aging or reaction with different elements within samples. Checks can be made by running multiple measurement heating and cooling cycles to determine if the data aligns well. If there is any hysteresis or variation in the heating and cooling values determined, either the sample has undergone a change or degraded in the measurement atmosphere or there is a problem with the electrodes or their contact with the sample. Commercial or in-house setups give researchers the opportunity to look at samples in different environments. In the case of reduced perovskite titanates discussed here, Ar is flowing through the system during the measurements. If concerns arise about the material reoxidizing, compressed air or O 2 could be used to probe any changes in conductivity of the materials in these working conditions. TGA should also be considered to probe oxidation of samples and if possible retrieve the samples used and perform XRD to investigate any phase degradation or structural changes.
4.3. Controlling and Measuring Seebeck Coefficient. Many commercial instruments are available to measure S and σ, simultaneously. The benefit of commercial equipment is the ease of use, allowing for the collection of data under constant conditions. Table 2 shows a small selection of these commercial instruments along with their temperature range and other details. While there are differences in each instrument, the operating principles are broadly similar. Again, it is notable that Borup et al. 32 have critically analyzed the measurement of S coefficients wherein they discuss the issues regarding instrument geometries and the thermal and electrical contacts. In the round-robin experiments by Wang et al., 30 measurement systems, geometries, and errors associated have been analyzed and discussed. To obtain a temperature gradient in some commercial systems, microheaters on either side of the sample are employed. This creates a small temperature difference (up to ∼4 K is used for the Netzsch Nemesis; other instruments will have different variations) which induces a voltage across the sample, which can be easily measured. This requires flush contact of the sample to the holder to ensure the transfer of heat to the sample and to measure S. The calculation of S is then straightforward, using eq 10.
An example of data collected on heating using a Netzsch SBA 458 Nemesis measuring S is shown in Figure 16 for two reduced A-site RE-doped samples of SrTiO 3 and a reduced (undoped) SrTiO 3 . The accuracy of this measurement is ±7%. Here again the influence of carrier concentration can be observed: the magnitude of S in the undoped sample is much greater than that of the doped samples due to its lower σ, Figure 15 , and ultimately has a detrimental effect on ZT. In addition to its use in the thermoelectric figure of merit, the Seebeck coefficient may be used to establish if a material is nor p-type, with a negative value indicating the former, as shown here. With this Netzsch system, the thermocouple geometry is fixed, which addresses concerns posed by Wang et al. 30 about the effect contact location can have on the measured values.
Once reliable κ, σ, and S are obtained, ZT can be plotted as a function of temperature. Many authors report an optimum value of ZT at elevated temperatures (>800°C) 10−16 Figure 15. σ versus temperature for reduced strontium titanate and two A-site doped samples illustrating the effect of increasing the number of charge carriers. Once each of the parameters has been measured, the calculation of ZT is straightforward, as given by eq 1. A plot of ZT vs temperature for the three materials considered in Figures  13, 15 , and 16 is shown in Figure 17 . Despite the lower values of S, the reduced A-site RE-doped samples show higher ZT values than the reduced (undoped) SrTiO 3−δ , particularly at intermediate and high temperatures, although these are still lower than some of the best p-type oxide thermoelectrics. The accuracy and percent errors associated with each measurement carry through, leading to a final error in ZT of between 14 to 25%.
GENERAL DISCUSSION
The results presented above illustrate clearly how challenging it is to obtain reliable data on thermoelectric materials which can be compared between laboratories. For accurate and reliable data to be reported, strict adherence to the protocols described is recommended. This is particularly important in the field of thermoelectric oxides in which screening of a large range of oxides is required. There are innumerable candidates for n-type thermoelectric oxides suggested in the literature, including a number of perovskite and perovskite related compounds such as Ruddlesden−Popper phases 60 and tetragonal tungsten bronzes (TTBs). 61−64 In Ruddlesden−Popper compounds the manipulation of the defect chemistry is complicated by the strain criteria imposed by the shear planes in the structure with V Ti ⁗ ionic compensation for A-site La doping proving impossible. 60 Moreover, the rock salt structured shear planes are often highly insulating with limited nonstoichiometry, and thus high levels of σ occurs only within the perovskite slabs in 2D, restricting the total value to the point where the PF is no longer high enough to give usable ZT despite the improvement in κ.
60
TTBs exhibit a wide compositional diversity with the majority based on Nb, Ta, and Ti octahedra. 65 The numerous unfilled sites in the so-called "empty" Ba, RE niobate compounds, 65 ensure high levels of O transport during reduction and have the potential to give rise to high levels of σ and therefore optimization of ZT in the manner discussed. It is recommended that future work broadens the search for ntype oxides and that TTBs among other systems are screened for ZT using the protocols described. However, moving away from classic perovskites with essentially isotropic properties to anisotropic systems such as TTBs may require research into the fabrication of particulates with controlled orientation and morphology so that enhanced thermoelectric properties along specific crystallographic directions can be obtained. Anisotropic crystal structures such RP phases and TTBs generally have particulates with platelet morphology, 66 but the aspect ratios are small and orientation in ceramics is limited. We propose further work is performed on methodologies to create platelet and acicular particle morphologies with higher aspect ratios.
There are numerous novel methods currently in development for the nanoscale control of morphology in thermoelectric and other oxide materials. The prime candidate here is the use of biotemplates to control morphology from the bottom up. Biotemplates are long-chain, naturally occurring molecules which are found in a variety of different sources such as seaweed (sodium alginate) 67 or crab shells (chitin), 68 the mechanisms of which are covered elsewhere. 69 These templates direct the structure of oxide materials as they form either as replicas of the organic structure or through creation of intermediate inorganic structures which can later lead to interesting or novel morphologies. The types of structures accessible using biotemplates, for example, microspheres, 70 foams, 71 and nanowires, 67 utilizing both direct 70, 71 and indirect 67, 68, 72 means of templating, are shown in Figure  18 . These types of methodologies are of particular interest in titanates as the organic biotemplates could be used to locally control P O 2 and carbothermally reduce the compound, prior to densification. Figure 16 . S versus temperature for reduced (undoped) strontium titanate and two A-site RE-doped samples. The reduction in magnitude of S for the RE-doped samples is related to the increase in carrier concentration and σ (see Figure 15 ). These techniques, although organic in nature, do not suffer from the same issues as hydrothermal techniques in terms of the retention of hydroxyl ions within the structure. As yet, the application of these techniques to thermoelectric oxides is still in the preliminary stages, and it remains to be seen if the nanostructures created can be retained in sintered ceramics and whether any decrease in κ is observed. In addition, it is not yet known what effect these morphologies will have on the other physical properties (σ, S), all of which are required for a successful thermoelectric material. Utilizing platelet or acicular particulates with high aspect ratios in screen printing and tape casting (likely routes for scale up to thermoelectric devices) technology results in oriented thick films in which anisotropic properties can be optimized.
CONCLUSIONS
The protocols for the fabrication and screening of n-type oxides as potential thermoelectrics are described. We strongly urge the community to consider these protocols so that stoichiometry, composition, defect chemistry, and the crystal structure of oxides may be reproduced. Measurement of κ, σ, and S are nontrivial with simple procedures described on standard equipment to ensure that accurate and reliable values are determined. We note that many authors report headline values of ZT at elevated temperatures where the use of a commercial device is unlikely. We recommend that comparisons of properties are made at intermediate temperatures (300−700°C ) so that assessment can be made of the true potential of a commercially viable material. Simultaneously, however, there urgently needs to be research into methodologies of encapsulation to prevent reoxidation. Targeting low operating temperatures for reduced oxides minimizes long-term aging through reoxidation but does not eliminate the problem. Consequently, encapsulation in an O impermeable compound is essential. Technologies have existed for encapsulation of NTC thermistors in borosilicate glass to prevent aging, and so in principle this issue is not a "deal breaker". Nonetheless, if reduced oxides become the target of future commercial devices, this issue must be addressed.
For structure determination, the high spatial resolution of electron diffraction and TEM in combination with in-house XRD gives more pertinent insight into phase transitions and local structure (albeit qualitative) than can be obtained through Neutron and Synchroton X-ray sources, and we therefore encourage researchers to explore these techniques when considering reduced ferroic oxides as potential thermoelectrics. For further understanding of the role of O nonstoichiometry and valence within the grains and grain boundaries we propose fine edge structure analysis using electron energy loss spectroscopy (EELS). For the global analysis of cation distributions, mapping using electron probe microanalysis is useful, and energy filtered TEM is an exceptional technique to study the distribution of ions within a grain on the local scale.
Finally, as the screening of oxides moves away from isotropic materials such as perovskites to more anisotropic crystal structures, consideration must be given as to how we optimize ZT of the device through control of orientation.
